Looking into the inside of radiative corrections is an interesting subject as a deeper study of the standard electroweak theory after its remarkable success in the precision analyses. I will discuss here a test of "structure" of the EW radiative corrections to the weak-boson masses, and show that we can now analyze several different parts separately.
§1. Introduction
The standard electroweak theory has been excellently successful in describing a lot of low-and high-energy precision data, by taking into account radiative corrections (see [1, 2] and references cited therein). This means that the theory has been well tested as a renormalizable field theory. Looking into the inside of the EW radiative corrections is an interesting theme as one of its next-step studies. At this School, I would like to discuss "structure" of the EW corrections to the W and Z masses based on my recent work [3] .
There is no room for an objection on using M exp Z (= 91.1884 ±0.0022 GeV [4] ), while the reason why I focus on the W mass among others is as follows: First of all, the weak-boson mass relation derived from the radiative corrections to G F (the M W -M Z relation) has the advantage of being freest from gluon effects. In addition, all the other high-energy precision data are those on Z boson or those at √ s ≃ M Z , and their accuracy is now reaching the highest level, while M W , which is already known with a good precision, will be determined much more precisely at LEP II. For comparison, the present Z width is Γ exp Z = 2.4963 ± 0.0032 GeV [4] , i.e., ±0.13 % precision. On the other hand, M exp W by UA2+CDF+D0 is 80.26 ± 0.16 GeV (±0.20 % precision) [5] , i.e., already comparable to Γ exp Z , and its precision reaches ±0.06 % once ∆M exp W = ±50 MeV is realized at LEP II [6] . Therefore, we can expect very clean and precise tests through the M W,Z measurements.
I wish to proceed as follows: First of all, I will explain what I mean by "structure of · · ·" and what we should do in order to test it in section 2. Then, a brief review of the EW corrections to the weak-boson masses is given in § 3. In § 4, fermionic corrections are studied. What I study there are the (QED-)improvedBorn approximation and the non-decoupling top-quark effects. Testing the latter one is particularly important because the existence of such effects is a characteristic feature of theories in which particle masses are produced through spontaneous symmetry breakdown plus large Yukawa couplings. In § 5, on the other hand, I
will study other-type corrections from W , Z and the Higgs, i.e., bosonic contributions. Since the top quark was found to be very heavy [7] , we have a good chance to detect the bosonic contribution. This is because the fermionic leading-log terms and the non-decoupling top-quark terms work to cancel each other, and consequently the role of the non-fermionic corrections becomes relatively more significant. The final section is for a summary and brief discussions. §2. What "Structure · · · " Means EW radiative corrections to physical quantities consist of several parts with different properties. For example, one-loop corrections to the muon-decay amplitude are usually expressed as ∆r, and can be written as follows:
Here ∆α is the leading-log terms from the light charged fermions From a phenomenological point of view, however, it is totally a different story.
As an example, let us consider the meaning of testing the triple gauge-boson couplings. Also in this case, it will not be meaningful pure-theoretically, since if the size of the coupling differs from the one predicted by the gauge principle, the theory becomes again non-renormalizable. In other words, the success of the electroweak theory in precision analyses means that all the couplings are already known. Nevertheless, testing these couplings is a very significant phenomenological analysis. We need to observe them directly in order for the theory to be established. Testing the neutral current structure has also a quite similar significance. These show the reason why I believe studying the structure of the EW corrections are indispensable.
Finally, let me summarize what we have to do in actual analyses. Suppose we are trying to test in a theory the existence of some effects phenomenologically.
Then, we have to show that the following two conditions are simultaneously satisfied:
• The theory cannot reproduce the data without the terms under consideration, no matter how we vary the remaining free parameters.
• The theory can be consistent with the data by adjusting the free parameters appropriately (i.e., within experimentally-and theoretically-allowed range), once the corresponding terms are taken into account.
Needless to say, we have to have data and theoretical calculations precise enough to distinguish these two clearly. In those analyses it is safer to be conservative:
That is, when we check the first criterion, the less we rely on data, the more certain the result is. On the contrary, for checking the second criterion, it is most trustworthy if we can get a definite conclusion after taking into account all the existing data, preliminary or not.
§3. Corrections to the Weak-Boson Masses
Through the O(α) corrections to the muon-decay amplitude, the W mass is calculated as
The explicit expression of Eq.(3.1) at one-loop level with resummation of the leading-log terms is
When we apply the first criterion mentioned in the previous section to the fermionic corrections, this formula is enough precise. However, over the past several years, some corrections beyond the one-loop approximation have been computed to it. They are two-loop top-quark corrections and QCD corrections up
, and O(α QCD ) corrections for the non-leading terms [8, 9] (see [10] as reviews). As a result, we have now a formula including O(αα 
3)
where ∆ and ∆ ′ are the above mentioned higher-loop terms.
If ∆r rem , the non-leading corrections, were to be zero, Eq.(3.3) would be unambiguous within the present approximation. However, it is indeed not negligible. Concerning how to handle it, there are several possible ways. I compute M W these several ways and use the average of the results as the central value, while the difference among them is taken into account as part of the theoretical error. This problem is discussed in detail in [11] . Anyway I use Eq. • M W is consistent with the data for, e.g., m φ = 300 GeV, which is allowed by the present data m φ > 65.1 GeV [12] .
That is, the two criterions are both clearly satisfied, by which the existence of radiative corrections is confirmed. Radiative corrections were established at 3σ level already in the analyses in [13] , but where one had to fully use all the available low-and high-energy data. We can now achieve a much higher accuracy via the weak-boson masses alone. Analyses in the following sections are performed in the same way as this, so I do not repeat the explanation on the second criterion below since it is common to all analyses. §4. Fermionic Corrections
It is known that all the precision data up to 1993 are reproduced at 1σ level by using α(M Z )(= α/(1 − ∆α)) instead of α in tree quantities [14] , where α(M Z ) is known to be 1/(128.92 ± 0.12).
♯1 I examine first whether this (QED-)ImprovedBorn approximation still works or not.
The W mass is calculated within this approximation as . Similar analyses were made also in [17] .
Next, I study the non-decoupling top-quark contribution. According to my strategy, I computed the W mass by using the following ∆r ′ instead of ∆r in ♯1 Recently three papers appeared in which α(M Z ) is re-evaluated from the data of the total cross section of e + e − → γ * → hadrons [15] (the latest results are given in [16] [4] is taken into account, we will have a higher precision. In fact, the total χ 2 becomes 6.58, which means that non-Born effects are required at 96.3 % C.L.. However, when the SLD data via the LR-asymmetry are incorporated, the average becomes sin 2 θ ef f ℓ = 0.23143 ± 0.00028, and we can no longer get a better precision. This is why I did not use this quantity in my analysis.
Eq.(3.1):
The resultant W mass is denoted as M ′ W . The important point is to subtract not only m 2 t term but also ln(m t /M Z ) term, though the latter produces only very small effects unless m t is extremely large. ∆r ′ still includes m t dependent terms, but no longer diverges for m t → +∞ thanks to this subtraction. I found that M ′ W takes the maximum value for the largest m t and the smallest m φ (as long as the perturbation theory is applicable ♯3 ). That is, we get an inequality This value is of course independent of the Higgs mass, and leads to 2) which tells us that some non-fermionic contribution is necessary at 1.2σ level. It is of course too early to say from this result that the bosonic effects were confirmed.
Nevertheless, this is an interesting result since we could observe nothing before:
Actually, the best information on m t before the first CDF report (1994) comes from the expansion of terms like
Here, let us simply assume as an example that we have gained in some way (e.g., at LHC) a bound m φ > 500 GeV. At the same time, A lot of experimental and theoretical effort has so far been made to analyze the electroweak theory, and now we know that including the radiative corrections is indispensable in these analyses. Based on this success, I have carried out a further study of the theory and its radiative corrections [3] , and reported here its main results: They are analyses on (1) pure-fermionic and (2) Concerning the latter part, we could observe a small indication for nonfermionic contributions (at 1.2σ level), which can be interpreted as the bosonic (W/Z and the Higgs) corrections. Furthermore, it seemed to be possible to test the non-decoupling Higgs effects if the Higgs boson is heavy (e.g., > ∼ 500 GeV).
These results (except for the last one) are visually represented in the Figure. -------- by which the bosonic effects become again totally unclear. On the contrary, our conclusion on the fermionic corrections becomes thereby much stronger: the nonBorn effects and the non-decoupling m t effects are required respectively at 2.8σ
(99.5 % C.L.) and 3.4σ (99.9 % C.L.).
More precise measurements of the top-quark and W -boson masses are therefore considerably significant for studying this issue, and I wish to expect that the Tevatron and LEP II will give us a good answer for it in the very near future.
